Background: Patients are frequently not satisfied with the outcome of chin augmentation. Objectives: We report the use of three-dimensional (3D) imaging and printing to design custom fit porous polyethylene chin implants. Methods: Patients requesting chin augmentation received 3D computed tomography (CT) imaging of the facial area. Patients could select the chin contour they desired by viewing 3D images of their face and chin. A 3D mandible replicate was printed from the CT data, and used to sculpt the inner surface of the implant to match the shape of the mandible, and the outer surface to match the contour the patient desired. Implants were placed with a 2 cm mucosal incision. The primary outcome was patient satisfaction with the cosmetic result at 6 months postoperatively. Results: From April 2014 to March 2015, 107 females and 22 males (mean age, 29.7 years) received chin augmentation using 3D imaging and printing to create a custom fit porous polyethylene implant. No major complications (eg, infection, nerve injury) occurred. At 1 month, five of the 124 patients who returned for follow up were not satisfied; however, became satisfied after a minor adjustment procedure. All of the 78 patients that returned for the 6 month follow up were satisfied with the cosmetic result. No implant displacement, skin numbness, or infection was noted during the 6 months of follow up. Conclusions: Three-dimensional imaging and printing can be used to produce custom fit porous polyethylene chin implants that results in minimal complications and a very high satisfaction rate.
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Chin augmentation is a common plastic surgical procedure, with over 12,000 performed in the United States in 2015. 1 Good outcomes require a thorough preoperative evaluation, including managing patient expectations, and advanced surgical technique. [2] [3] [4] [5] [6] [7] Silicone and high-density porous polyethylene implants (eg, Medpor; Stryker, Kalamazoo, MI) are widely used in chin augmentation. However, these 2 materials have different disadvantages. Silicone implants may cause bone erosion and depression. 8 Unexpected movement of the implant after surgery, and unnatural postoperative chin contour are also commonly seen. Porous polyethylene implants provide relative stability with respect to shape and movement. 9 However, securing porous polyethylene implants requires metal screw fixation. Thus, the procedure is associated with relatively large surgical wounds and higher risk of nerve damage and delayed wound healing. Furthermore, a "bulky chin appearance" is commonly seen in Asian patients who receive a porous polyethylene implant. 6, 10 This is because the implants are designed with a wide oval shape, which do not fit the small, narrow faces of Asians. If the implants are not extensively modified, it is impossible to achieve a natural postoperative facial appearance, and this is not related to whether screw fixation is performed. Sculpture of porous polyethylene implants during surgery is not simple or precise. Porous polyethylene, however, is a good material for chin augmentation and the drawbacks can be overcome if it can be custom sculpted preoperatively.
Three-dimensional (3D) imaging and printing technologies are advancing rapidly, and are being used in many medical fields, 11 including plastic surgery, 12 and for tissue engineering. 13 The use of 3D imaging and printing technologies can help to overcome the drawbacks of porous polyethylene chin implants. With preoperative 3D image simulation, the desired chin shape can be discussed with the patient preoperatively, and the shape adjusted until the patient is satisfied. 14 Using computed tomography (CT) data, a 3D printed model of the mandible can be made, and this model then used to sculpt the porous polyethylene implant preoperatively. A precise match of the surface between implant and the mandible can be achieved, which allows secure positioning of the implant without the use of screws or wires (Video, available as Supplementary Material at www.aestheticsurgeryjournal.com). This can also decrease the operating time, minimize the size of the surgical wound, and decrease the possibility of nerve injury. Importantly, a natural chin contour can be achieved, and the chin shape will be almost exactly the same as the patient was shown on the 3D simulation. Only one other report in the literature has described the use of 3D technologies to improve the outcomes of chin augmentation, and that study only included 9 patients and used 3 different types of implants. 15 The purpose of this study was to report the use of CT imaging data to produce a 3D printed mandible replica of a patient's mandible, and then use the 3D images to assist the patient on deciding on a chin shape before surgery. The 3D printed mandible was then used to custom cut a porous polyethylene chin implant prior to surgery.
METHODS

Ethical Approval
As this was a retrospective review of medical records in clinics, all patients provided written informed consent for all surgical procedures performed in accordance with the guiding principles of the Declaration of Helsinki. Patients also provided written consent for their case data and images to be published for educational purposes.
Patients
We reviewed the records of patients with mild to severe microgenia who received chin augmentation using 3D imaging and printing technology from April 2014 to March 2015.
Patients were eligible for the procedure if they had a short, retruded, and/or asymmetric chin, and if they had prior chin surgery with an unnatural and unsatisfactory outcome. Patients were not eligible for the surgery is they had abnormal dental occlusion that required orthognathic surgical correction, or an obvious infection in the chin area. Patients also had to be motivated to undergo the surgery because of dissatisfaction with their chin appearance.
Preoperative Imaging, Mandible Printing, and Porous Polyethylene Sculpture
Initially, patients received 3D surface imaging of the face (Vectra; Canfield Scientific, Parsippany, NJ). The desired chin contour was simulated by the surgeon on a computer monitor, and discussed with the patient. The simulation was adjusted until the patient was satisfied with the appearance, and the final 3D image was saved.
All patients received CT (NewTom 5G, Verona, Italy) of the skull. In cases of redo chin augmentation, the CT image was also used to indicate the location of previous implant. The digital imaging and communications in medicine (DICOM) files of the CT image were used to construct a 3D image file of mandible, which was then printed using a 3D printer (EOS FORMIGA P-110, Munich, Germany). This model was then sterilized, and was prepared for the next step.
Just before the surgery, the porous polyethylene chin implant was reshaped using electronic tools and burrs (Stryker) in a sterile environment. The 3D printed mandible model was used to customize the porous polyethylene implant to the correct shape. Preoperatively, the right and left pieces of the implant were sculpted as one connected piece. The inner surface of the implant was trimmed until it was an exact fit to the mandible surface, such that the implant would not rotate or displace after surgery without any fixation. The outer surface of the porous polyethylene was also trimmed using the 3D image as a guide. Considerations for sculpting included the thickness of the implant at the chin Video 1. Watch now at https://academic.oup.com/asj/ article-lookup/doi/10.1093/asj/sjx071 tip area, a natural shape to mimic mandible projection, male or female type of mandible contour, asymmetry correction, avoidance of the mental foramen area, and smoothness of the tail area of the implant ( Figure 1 ).
Surgical Procedure
Surgery was performed under intravenous sedation and analgesia. A mixture of 2% lidocaine and 1:200,000 epinephrine was infiltrated into the dissection area. A 2 cm transverse incision was made on the labial side of the vestibule mucosa 5 mm above its depth. Dissection was carried through the mentalis muscle to the periosteum. Wide subperiosteal dissection was performed, and extended to an area slightly larger than the inner surface of previously carved implant. The mental nerve and mental foramen were not exposed to prevent nerve injury. After hemostasis, the right and left halves of the implant were individually and gradually inserted into the dissected space. Once positioned and placed together, the 2 halves were connected with a 4-0 polydioxanone suture (PDS) suture. Because of the custom shaped inner surface, the implant automatically fit to the mandible, and no fixation (screws or wires) was performed. The muscle layer and mucosa layer were closed with 4-O PDS and 4-O chromic sutures. No drain was placed. A chin dressing with compression was placed after completion of the surgery to reduce swelling and prevent hematoma formation.
Preoperatively, cephazolin 1 g and gentamycin 80 mg were given by intravenous infusion. Postoperatively, cefamezine 500 mg per os, a normal form of oral administration qid was administered for 7 days.
Follow Up and Outcome Measures
Patients were followed up 1 week, 1 month, and 6 months after surgery. Outcome measures were smoothness of the bilateral chin line, the gap between the porous polyethylene implant and mandible could not be felt, and the similarity between the 3D simulation and postoperative chin appearance at 1 month postoperatively. Patient satisfaction was assessed at 6 months (at this time point healing is complete and no further changes will occur) by asking the patients if they were or were not satisfied with the outcome. All patients were examined by the same surgeon who performed the surgery.
Statistical Analysis
Continuous variables were expressed as mean ± standard deviation, and categorical variables as count (percentage). Statistical analyses were performed by IBM SPSS statistical software version 22 for Windows (IBM Corp., Armonk, NY).
RESULTS
Patient Characteristics
A total of 107 females and 22 males with a mean age of 29.7 years (range, 21-50 years) were included in the Figure 1 . Illustration of a custom-made porous polyethylene implant compared with a traditional silicone implant. Pressure from soft tissue (black arrow) can easily displace a silicone implant (left) displaces because of mismatch of the surface between implant and the mandible. The postoperative chin contour will be unnatural. On the other hand, custom made porous polyethylene implant (right) will stay in the desired position because of an exact match with the mandible. In this case, pressure from soft tissue further secures the position of the implant, and no fixation is necessary. Because the outer surface is also custom carved, the postoperative outcome will match that desired by the patient.
analysis, and their characteristics are summarized in Table 1 . Among the 129 patients, 106 (82.2%) received primary chin surgery, and 23 (17.8%) had prior chin augmentation at other clinics and requested reoperation because they were not satisfied with the results.
The chin types are summarized in Table 2 . Patients may have had 1, or more than 1 type of chin. Of the patients, 18.9% had a retruded/short/asymmetric chin, 41.5% had a retruded/short chin, and 24.5% had only a retruded chin.
Outcomes
All surgeries were performed without major complications (eg, nerve damage); however, mild ecchymosis was noted in 35 patients postoperatively. Among the 129 patients, all patients returned for the 1 week follow up, 124 for the 1 month follow up, and 78 for the 6 month follow up. The average follow-up time was 4 months (mean, 126 days; range, 29-202 days). No implant displacement or skin numbness (mental nerve injury) was identified on physical examination during the 6 months of follow up, and no infection occurred. Photographs were also taken at the 1 month and 6 month follow-up visit and compared with those taken immediately postoperatively. Comparison of the photographs showed that no shifting of the implants had occurred. At 1 month, 5 of the 124 patients were not satisfied with the results (5/124, 4.0%); the chin shape was not exactly what they wanted. However, after a minor adjustment procedure they were satisfied with the cosmetic result. All of the 78 patients that returned for the 6 month follow up were satisfied with the cosmetic result. Images from representative cases are shown in Figures 2-4 .
DISCUSSION
In this report, we have shown how 3D imaging and printing technology can be used to improve clinical and cosmetic outcomes of chin augmentation surgery. The cosmetic satisfaction rate approached 100%, no complications were noted except for mild ecchymosis in 35 patients, and the implants were stable at 6 months postoperatively.
The satisfaction rate of patients in this study approached 100%, which is higher than that reported in similar studies. Chao et al 16 reported that of 40 Asian patients that received augmentation genioplasty with alloplastic implants there was 1 malposition, and 6 patients (15%) required revision for under-or overcorrection. Lin et al 6 described a modified technique for porous polyethylene chin augmentation in Asians that includes removal of the genial tubercles and, if necessary, the mental protuberance and fixation with 2 titanium screws. Of 95 patients, results were satisfactory in 90 with overcorrection in 4 patients and poor implant transition in 1. Aynehchi et al 17 performed silicone chin augmentation using a vertical intraoral incision in 105 patients. While all patients indicated they were satisfied with the aesthetic results, 20% indicted they desired further augmentation.
The use of 3D printing technology for rapid prototyping has expanded rapidly in many medical fields, 11, 18, 19 including plastic surgery. 12, [20] [21] [22] [23] [24] For example, replication of skull bone using CT imaging combined with 3D printing has been used for preoperative evaluation, education, and custom-made protheses. 25, 26 For aesthetic surgery, 3D printed custom made implants should be a perfect solution for chin augmentation surgery. 15 However, bio-compatible materials for 3D printing are not easily available, and are associated with a high cost. Thus, we have developed an indirect way of using 3D imaging and printing technology to improve the outcomes of chin augmentation surgery. Chin augmentation with an alloplastic implant is a primary method for adjustment of lower chin contour. 2, 4 The traditional method of chin augmentation is to choose what is believed to be an appropriate silicone implant, and place it into the subperiosteal space. However, factory-made silicone implants are usually limited in sizes, and are subject to implant displacement or rotation, unnatural postoperative chin contour, and a palpable implant border, and can cause bone erosion and peri-implant bone proliferation. 14 High density porous polyethylene implants have become the implant of choice by many surgeons. 2, 4, 27 After implantation, soft tissue will grow into the implant and much less bone erosion occurs with porous polyethylene implants than with silicone implants. 28 However, the rigid structure make porous polyethylene implants difficult to carve, and if the inner side of the implant does not match the bone surface the position will not be stable. Screw fixation is usually necessary, and this requires a relatively large wound and carries an increased risk of nerve injury. In Asians, a bulky contour of the lower face is frequently seen in patients after polyethylene chin augmentation. 6 An ideal chin implant should be customized on 2 surfaces: the inner surface and outer surface. If the inner surface is an exact fit to the mandible, displacement and rotation will not occur, even without screw fixation. This is because the matching irregular surfaces are held together by pressure from the soft tissue. One might describe it as a key−lock relationship (Figure 1) . Shaping of the outer surface using 3D imaging allows for the desired contour to be precisely sculpted. We have found that electric burs work the best for carving porous polyethylene because the firm structure of porous polyethylene makes it difficult to carve with a scalpel or other instruments. Although the preoperative simulation image contains a soft tissue element, it is relatively easy to judge the influence of the soft tissue covering mandible and sculpt the outer portion correctly. Either a skin incision or a mucosal incision is typically used for insertion of the implant. A skin incision on the chin allows direct vision of the lower mandible bone surface, and makes it easy to reach the lateral part of the mandible and prevent injury to the mental nerve, as well as minimizing injury to the mentalis muscle. 7 However, a visible scar will be present, which sometimes becomes depressed and adversely affects the aesthetic outcome. On the other hand, a mucosal incision on the vestibular area leaves no visible scar. However, if the mucosal incision is extended to more than 4 cm there is an increased risk of injury to the entire origin of mentalis muscle. Furthermore, when performing screw fixation traction of the mental nerve can result in numbness of the skin covering the chin. We use a mucosal incision for placement of porous polyethylene implants because we consider it to be safer than a skin incision, and provides a better aesthetic outcome. Furthermore, the 3D printed mandible shows the exact position of the mental foramen, which assists in preventing injury to the nerve.
A porous polyethylene implant that is custom made preoperatively has several advantages over silicone chin implants and the traditional method of using porous polyethylene (Tables 3 and 4 ). Advantages include: (1) a relatively short surgical time; (2) a small (2 cm) wound that is not visible; (3) no need for screws or other fixation methods; (4) less dead space between the implant and bone; (5) a natural postoperative chin contour; (6) decreased risk of nerve injury; (7) redo procedures are simpler than with other methods; (8) correction of minor chin asymmetry can be achieved; and (9) recovery is faster than with other methods. However, there are some drawbacks to the method. Specialized equipment to produce the 3D images and printed mandible are required. A large amount of advanced planning is required, and the surgeon has to be experienced in sculpting prosthetic implants. In addition, the cost is higher than that using an off-the-shelf implant. Compared with the prices proposed by other surgeons for performing chin surgery using porous polyethylene, our method entailed an additional cost of approximately US $700 (the sum for the various technical procedures). Our patients were willing to bear this extra cost in return for a precise, attractive appearance. It would be difficult to assign a monetary value to the surgeons' extra preoperative sculpting time.
There are important limitations of this report that need to be considered. No objective criteria were used to quantify outcomes. The possibility of mental nerve injury was only based on tactile stimulation, not a 2-point discrimination test. Likewise, implant stability was based on physical examination; radiographic examination would have provided objective evidence that no implant shifting had occurred. Only 78 patients completed the 6 month follow up, upon which the satisfaction rate was based, and patients were simply asked if they were satisfied or not satisfied with the appearance. From a scientific standpoint, comparing objective results, for example soft tissue cephalometrics before and after surgery, would have indicated how close the surgical result was to that planned preoperatively. However, in our opinion patient satisfaction is the primary determinate of surgical success. If a patient is satisfied with the outcome, then the accuracy of a computer calculation should not be a major concern. In addition, all patients were of Asian ancestry, although the technique should be applicable to individuals of any ethnic group. Our 3D imaging and reconstruction only took into account changes in hard tissue; however, thickness and shape of the soft tissue also changed as it was compressed with insertion of the implant. However, apart from asking the patients to undergo postoperative CT scans, there was no way to determine the actual changes in soft tissues, and it would have been very difficult to have all patients undergo CT scanning postoperatively. Long-term outcomes were not examined; the results of this study are primarily based on a follow-up length of 6 months, which is short for this type of surgery. However, we found no implant displacement in any patient that was seen at 1 year after surgery.
CONCLUSIONS
The results of this study illustrate the value of 3D imaging and printing for chin augmentation. The technologies allow for the creation of a custom fit chin implant that does not require fixation, and patients can visualize the outcome preoperatively. Placement of a custom fit implant is associated with less risk of nerve injury and other complications, and does not require a visible scar. Using the method described, the cosmetic satisfaction rate approached 100%.
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